Transport properties of an S = 1 molecule attached to a single-wall carbon nanotube quantum dot, which is coupled to two external ferromagnetic leads, are analyzed in the sequential tunneling regime. The magnetizations of the leads are assumed to form either a parallel or an antiparallel magnetic conguration. The calculations are performed by using the real-time diagrammatic technique in the lowest order perturbation theory with respect to the tunnel coupling. It is shown that the presence of the molecule strongly aects the bias voltage dependence of the current and dierential conductance in both magnetic congurations, as well as the resulting tunnel magnetoresistance. Negative (greatly enhanced) tunnel magnetoresistance is found in the case of antiferromagnetic (ferromagnetic) coupling between the nanotube and molecule.
Introduction
Transport properties of various magnetic molecules have been a subject of intensive studies for several years [1] . When attached to external ferromagnetic leads, the molecules can exhibit a considerable tunnel magnetoresistance (TMR) eect [2] . Such nanostructures are thus very interesting for molecular spintronics and potentially important for future applications in information storage technologies [3] . In this paper we study spinresolved transport properties of single-wall carbon nanotube quantum dot, with attached magnetic molecule of spin S = 1, weakly coupled to external ferromagnetic leads. The calculations are performed by using the realtime diagrammatic technique in the lowest-order perturbation theory with respect to the coupling to external leads. We show that, depending on the type of exchange interaction between the molecule and nanotube, the TMR can be either greatly enhanced or can become negative.
Model and method
The considered system consists of a single-wall carbon nanotube quantum dot, with an exchange coupled spin S = 1 molecule, which is tunnel-coupled to the left (r = L) and right (r = R) ferromagnetic leads, see Fig. 1 . The magnetizations of the leads are assumed to form either parallel or antiparallel magnetic conguration. The coupling between the molecule and the nanotube is described by J S and can be either ferromagnetic (J S > 0) or antiferromagnetic (J S < 0). The molecule is characterized by an uniaxial magnetic anisotropy D and its easy axis coincides with the direction of magnetizations of the leads. For the nanotube we assume that only two levels, each belonging to dierent subband, take part in corresponding author; e-mail: ania1990ftr@wp.pl transport. Consequently, the Hamiltonian of the system can be written as, H = H el + H mol + H tun , where
describes the noninteracting electrons in the leads, with c † rkσ creating a spin-σ electron with momentum k in lead r of energy ε rkσ . The second term of the Hamiltonian describes the carbon nanotube quantum dot with coupled molecule of spin S. It acquires the form [2, 4] 
where n jσ = d † jσ d jσ is the particle number operator for an electron of spin σ in the jth (j = 1, 2) level of the nanotube, ε j denotes the respective energy, with ε 1 = ε, ε 2 = ε + δ, where δ is the energy mismatch between the subbands of the nanotube. The charging energy of the nanotube is denoted by U , while J describes the exchange interaction, with N = N ↑ + N ↓ and N σ = j n jσ . The molecule is modeled by the giant spin Hamiltonian where S is the corresponding spin operator and S z its zth component. J S denotes the exchange coupling between the electrons occupying the nanotube and the molecule, with
jσσ d † jσ σ σσ d jσ being the spin operator of electrons in the nanotube and σ is the Pauli spin operator. The coupling between the nanotube and the leads is described by the tunneling Hamiltonian
where t rj denotes the tunnel matrix elements between the rth lead and the jth level of the nanotube. The respective strength of the coupling between lead r and level j is given by Γ In our considerations we assume that the system is fully symmetric, i.e. p r ≡ p and Γ rj ≡ Γ .
To calculate the transport properties of the system we employ the real-time diagrammatic technique [5, 6] . Since we consider the weak coupling regime and focus in our analysis on sequential processes, only the lowest order of perturbative expansion of the reduced density matrix of the system and operators of interest is needed. The occupation probabilities P χ of many-body states |χ of the system, such that H mol |χ = ε χ |χ , can be found from [6] On the other hand, the current owing through the system can be found from [6] 
where the elements of self-energy matrix W I are given by,
with N χ the electron number of state |χ and Θ(x) the step function.
Numerical results and discussion
In the following, we present and discuss the numerical results on the current and dierential conductance of the system in the parallel (P) and antiparallel (AP) magnetic conguration. We also study the bias dependence of the tunnel magnetoresistance, which is dened as, TMR = each time the energy level of the nanotube crosses the Fermi energy of the leads, there is a resonant peak in the linear conductance and the occupation changes by one. However, the sequence of ground states depends considerably on the internal parameters of the nanotube. When the energy mismatch between the subbands δ is larger than the exchange interaction J of the nanotube, δ > J, with changing the gate voltage, the rst level becomes rst fully occupied and then the second level starts being populated, so that the doubly occupied state of the nanotube is a singlet. Nevertheless, in the opposite case, δ < J, in the doubly occupied state the electrons occupy dierent levels of the nanotube and form a triplet. Here we focus on the latter situation, δ < J, as more interesting as far as the transport properties in the case of additional molecule of spin S = 1 are considered. More specically, we study the spin-resolved transport properties in the nonlinear response regime for gate voltages such that the nanotube is doubly occupied at equilibrium. . This is reected in the bias dependence of the dierential conductance shown in Fig. 2b , which displays typical peaks characteristic of single-electron charging effects. The dierence between the two magnetic congurations of the system is reected in the TMR. At zero bias, the TMR takes the value [7] , TMR = p
which for assumed spin polarization of the leads gives, TMR = 1/3. Then, with increasing the bias voltage, TMR suddenly drops and becomes negative just before the threshold voltage, to increase again when the rate of sequential processes increases.
The transport properties can be changed in the case when the exchange coupling between the molecule and nanotube is of ferromagnetic type, see Fig. 3 . Although the current exhibits typical Coulomb staircase dependence on the bias voltage and dierential conductance has characteristic peaks, the behavior of the TMR is now completely dierent. For J S > 0, transport takes part through high-spin many-body states of the system. In the antiparallel conguration this may lead to high nonequilibrium spin accumulation, which increases the dierence between the currents I AP and I P . This leads to large positive TMR, which for voltages just before the threshold takes values much larger than those predicted for single-wall carbon nanotube quantum dots in the absence of additional molecule [8] .
In summary, we have studied the spin-resolved transport properties of single-wall carbon nanotube quantum dots coupled to external ferromagnetic leads with an attached molecule of spin S = 1. We have shown that the presence of additional molecule of high spin can greatly aect the magnetoresistive properties of the system. In the case of antiferromagnetic (ferromagnetic) exchange coupling between the molecule and nanotube we have found negative (considerably enhanced) tunnel magnetoresistance for voltages around the threshold voltage.
